A mechanism analysis based on upper-bound theorem of concrete plasticity for monolithic concrete joints without transverse reinforcement is presented. Concrete is modelled as a rigid perfectly plastic material obeying a modified Coulomb failure criteria. Existing stress-strain relationships of concrete in compression and tension are comprehensively modified using the crack band theory to consider the effect of concrete type and maximum aggregate size on the profile of the stress-strain curves. Simple equations for the effectiveness factor for compression, ratio of effective tensile to compressive strengths and angle of concrete friction are then developed using the modified stressstrain relationships of concrete. In addition, 12 push-off specimens made of all-lightweight, sandlightweight and normal weight concrete having maximum aggregate size between 4 and 19 mm were physically tested. Test results and mechanism analysis clearly showed that the shear capacity of monolithic concrete joints increased with the increase of the maximum aggregate size and dry density of concrete. The mean and standard deviation of the ratio between experimentally measured and predicted by the mechanism analysis shear capacities are 1.27 and 0.18, respectively, showing a slightly closer prediction and less variation than Vecchio and Collins' equation, regardless of the concrete type and maximum aggregate size.
INTRODUCTION
The monolithic concrete joints commonly occur at the interface between columns and corbels, shear walls and columns, and shear keys. Their structural performance is mainly governed by shear transferred across the shear plane between the two members due to aggregate interlock or shear friction [1, 2] . Mattock and Hawkins [3] concluded that the resistance of lightweight concrete shear planes to slip along shear cracks is less than that of normal weight concrete, as the crack face of lightweight concrete is smoother than that of normal weight concrete. Other experimental data [4] also showed that shear cracks in normal strength, normal weight aggregates concrete propagate through cement matrix around aggregate particles, while these in lightweight aggregate concrete mainly penetrate through coarse aggregate particles. As a result, Sherwood et al. [5] pointed out that shear transferred by aggregate interlock would be negligible in lightweight concrete. However, experimental investigations to evaluate the reduced shear capacity of lightweight concrete joints are very scarce.
ACI 318-08 provision [6] recommended the shear friction model [7] for concrete joint design and also specified a modification factor for lightweight concrete, based on experimental data of simply supported beams [8] , to account for the reduced shear strength, friction properties, and splitting resistance of lightweight concrete compared with normal weight concrete of the same compressive strength. Yang et al. [4] concluded that the modification factor for lightweight concrete continuous beams in ACI 318-08 is potentially un-conservative and, as a result, proposed the use of maximum aggregate size and dry density of concrete in the modification factor calculation. In particular, ACI 318-08 provision and the empirical equation proposed by Mattock [9] neglect the concrete shear capacity; which can result in transverse reinforcement congestion at concrete joints. Therefore, a rational approach would be required to explain the shear transfer mechanism in concrete joints, considering the effect of strength and size of aggregates.
In the present study, a mechanism analysis is developed using the upper-bound theorem of concrete plasticity in order to predict the shear transfer capacity of concrete in monolithic joints. 12 push-off specimens without transverse reinforcement were also tested according to the variation of the concrete type and maximum aggregate size. The measured shear capacity of the concrete joints tested is compared with the predictions obtained from the mechanism analysis and empirical formulas proposed by Vecchio and Collins [10] .
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SIGNIFICANCE OF RESEARCH
Although concrete cohesion and aggregate interlock along the shear plane of monolithic concrete joints have a significant influence on the concrete shear capacity, ACI 318-08 provision and empirical formulas proposed by Mattock based on shear friction theory neglect the concrete contribution along the shear plane of such joints. A mechanism analysis is developed to identify the shear transfer of concrete in monolithic joints as the inclusion of concrete shear capacity in joint design would produce a proper arrangement of shear-friction reinforcement. Test results and mechanism analysis showed that the shear capacity of the shear plane of concrete joints increased with the increase of maximum aggregate size.
REVIEW OF EXISTING MODELS
Currently available models to evaluate the shear capacity of concrete joints are generally based on the shear friction theory [6] or empirical regression analysis of experimental data [9, 10] . Although, more sophisticated models [11, 12] were also developed, they are complicated and tedious to follow.
Existing simple formulas for estimating the shear capacity of concrete joints are summarized below.
ACI 318-08 [6]
ACI 318-08 specified the shear capacity n V of monolithic concrete joints without axial force based on the shear friction theory as: 
Vecchio and Collins [10]
Walraven [12] concluded that the shear force transferred along shear crack is significantly dependent on the crack width w and maximum aggregate size Figure 1 shows a typical failure plane of a monolithic concrete joint under shear [2, 3] . At failure, the concrete joint can be idealized as composed of two rigid blocks separated by a failure surface.
MECHANISM ANALYSIS
Failure mechanism
One rigid block has two translational and rotational displacement components relative to the other rigid block. Therefore, one rigid block can be assumed to be rotating about an instantaneous center (IC) as shown in Fig. 1 . For the idealized failure mechanism, the lateral (out of plane) strains are prevented. Hence, the concrete joint at failure can be regarded as a plane strain problem [14] .
Upper bound solution
The upper bound analysis uses the energy principle to calculate the shear capacity for the kinematically admissible failure mechanism explained above. The external work Equating the total internal energy dissipated in concrete to the external work done, the shear capacity of monolithic concrete joints without transverse reinforcement can be derived in the following form:
According to the upper-bound theorem, the collapse occurs at the least strength. 
Modelling of concrete
Concrete can be regarded as a rigid perfectly plastic material obeying a modified Coulomb failure criteria with effective compressive * c f and tensile * t f strengths [14] . As concrete is not a perfectly plastic material but a typical brittle material, effectiveness factor for compression can be determined from equating the area of the rigid-perfectly plastic stress-strain curve to that of the actual stress-strain curve [17] , as shown in Fig. 2 . Therefore, the effectiveness factor c  for concrete in compression can be defined as below [15] : Similarly, the effectiveness factor t  for concrete in tension can be defined as below:
where t  = tensile stress corresponding to tensile strain of t  , and tu  = ultimate tensile strain.
Stress-strain relationships of concrete
The shape of concrete compressive stress-strain curve is strongly affected by the concrete strength and elastic modulus of aggregates [1] . For instance, a closer to linear ascending branch and steeper descending branch are observed in high strength concrete than normal strength concrete [1] . In addition, a lower elastic modulus and more brittle descending branch are observed in lightweight concrete than normal weight concrete of the same compressive strength, as depicted in Fig. 3 . CEB-FIP [16] also recommends that stresses below 0. 
where  = dry density of concrete (in kg/m 3 ). To reflect the lower elastic modulus and more brittle failure of lightweight concrete, n is associated with a correction factor E  for lightweight concrete specified in EC 2 [18] as below:
The factor k in Eq. (12) is obtained from
The behavior of concrete in tension without a crack is commonly assumed to be linear elastic, while that after cracking is significantly dependent on the crack opening size. According to the cohesive crack model [13] , concrete can transfer tensile stresses until the crack width reaches a certain limit. This implies that the tensile strength drops to zero when the crack is completely formed, as a result, tu  can be assumed as the strain corresponding to
, as shown in Fig. 2 .
The propagation of crack width is also affected by the contact area between aggregates and cement matrix [12] . Bažant and Sun [19] showed that the aggregate size factor stresses at an arbitrary crack opening decrease with the decrease of the maximum aggregate size. In the present study, based on the function of crack opening derived experimentally by Hordijk [20] modified for the effect of aggregate size, the tensile stress-strain relationship of concrete is represented in the following form (see Fig. 4 ): [18] . Therefore, CEB-FIP equation [16] to predict the tensile strength of concrete is associated with a correction factor for reduced tensile strength of lightweight concrete specified in EC 2 [18] as follows: The crack band width c h cannot be determined from fracture tests in which a single crack is formed, yet it can be identified as a zone where the crack is forced to be distributed [13] .
From a numerical calculation using the crack band model, Bažant and Planas [13] showed that the crack band width can be simply expressed as follows:
where
= characteristic length corresponding to half the length of a concrete specimen subjected to axial tension in which just enough elastic strain energy is stored to create one complete fracture surface, and t E = softening modulus at peak tensile strength, which can be evaluated from Eq. (16b).
Effectiveness factor for compression and effective strength ratio
The effectiveness factor 
EXPERIMENTAL VERIFICATION
Details of test specimens
Twelve push-off specimens made of all-lightweight, sand-lightweight and normal weight concrete were tested under pure shear as shown in Fig. 9 . The maximum aggregate size Table 1 . The specimen notation listed in Table 1 identifies the type of concrete ("A" for all-lightweight concrete, "S" for sand-lightweight concrete and "N" for normal weight concrete) and the maximum aggregate size, respectively. For example, A8 is an all-lightweight concrete specimen having a maximum aggregate size of 8mm.
All push-off specimens were tested to failure under concentric load acting as a pure shear in the shear plane of the test zone as shown in Fig. 9 . The top and bottom stubs of the test specimens were strengthened with carbon fiber sheets to prevent bearing failure at the interfaces between the test as listed in Table 2 . As the equations proposed by ACI 318-08 and Mattock neglect the concrete shear capacity of monolithic joint without transverse reinforcement, no predictions by these equations are presented in Table 2 . The shear capacity predicted from Vecchio and Collins' equation is minimally affected by the maximum aggregate size and dry density of concrete as listed in Table 2 3. The mechanism analysis predictions are generally lower than the measured shear capacity and, therefore, can be conservatively applicable for the prediction of the concrete shear capacity of monolithic concrete joints. Tables:   Table 1 -Concrete mix proportions 
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